Prolyl hydroxylases (PHD1-3) hydroxylate hypoxia inducible factor α (HIFα), leading to HIFα ubiquitination and degradation. Recent studies indicated that administration of generic inhibitors of PHDs improved mice colitis, suggesting that suppression of PHD activity by these inhibitors may be a potential strategy for the treatment of inflammatory bowel diseases. However, the exact role of each member of PHD family in homeostasis of intestinal epithelium remains elusive. The aim of this work is to study the possible role of PHD2 by using mice with genetic ablation of Phd2 in intestinal epithelial cells (IECs). We found that deletion of PHD2 in IECs did not lead to spontaneous enteritis or colitis in mice. Deletion of PHD2 in IECs did not confer upon mice higher susceptibility to dextran sodium sulfate-induced colitis. Furthermore, in a colitis-associated colon cancer model, the PHD2-conditional knockout mice had similar susceptibility to azoxymethane (AOM)-induced colonic tumorigenesis as control mice did. Our results suggest that PHD2 is dispensable for maintenance of intestinal epithelium homeostasis in mice.
Introduction
Prolyl hydroxylases domain proteins (PHDs) are dioxygenases that use oxygen and 2-oxoglutarate (2-OG) as co-substrates [1, 2] . PHDs are involved in the cellular response to oxygen by hydroxylating conserved prolyl residues of hypoxia inducible factor α (HIFα) [3] [4] [5] . The hydroxylated HIFα is recognized by von Hippel-Lindau protein and then subject to ubiquitin-dependent degradation [6, 7] . HIFα is a master transcription factor [8] . It dimerizes with HIF1β and translocates into the nucleus to activate transcription of genes that are critical in physiological and/or pathological process. Under hypoxia, the enzymatic activity of PHDs is inhibited, leading to accumulation of HIFα. These properties make PHDs well suited to act as oxygen sensors. The PHD family consists of three members: PHD1 (EglN2), PHD2 (EglN1), and PHD3 (EglN3). They share conserved C-terminal regions responsible for hydroxylase activity but differ greatly at the Nterminus [2] . Each isoform displays its own tissue and cell line specific expression pattern as well as its particular subcellular distribution [9] .
Of the three PHDs (PHD1-3), PHD2 appears to be the primary one that contributes the majority of PHD activity [10, 11] , and PHD3 is more effective in suppressing HIF2α [12] .
Recent studies indicate that PHDs are potential targets for the treatment of inflammatory bowel diseases (IBD) because the PHD inhibitors are found to prevent the development of intestinal inflammation in murine models. Robison et al. [13] showed that the PHD inhibitor FG-4497 provides a beneficial influence on symptoms in murine trinitrobenzene sulfonic acid colitis. Cummins et al. [14] demonstrated that the PHD inhibitor DMOG is protective in dextran sodium sulfate (DSS) colitis. Taniguchi et al. [15] reported recently that PHD inhibition represents a treatment strategy to protect against and mitigate gastrointestinal toxicity from both therapeutic radiation and potentially lethal radiation exposures. Thus, the hydroxylase inhibitors may represent a novel therapeutic approach in chronic inflammatory disease [16, 17] .
PHDs are also involved in cancers. For instance, it was demonstrated that ectopic expression of PHD1 suppressed tumor growth [18] . PHD2 was found to exert anti-tumor activities against a few cancers [19, 20] . PHD3 was also shown to promote apoptosis of cancer cells, and appeared to be a tumor suppressor in colorectal cancer cells [21, 22] . Many studies have suggested that PHDs are tumor suppressors, however, there are opposite reports that PHDs promote a few cancers [23, 24] . All together, these results suggest that the roles of PHDs are complex and they might have different functions in different types of cells.
The exact role of PHD2 in controlling homeostasis of intestinal epithelial cells (IECs) is unclear. In this study, we explored the possible role of PHD2 in intestinal epithelium homeostasis by using mice with deletion of PHD2 specific in IECs (Phd2
IEC-KO
). No enteritis or colitis was observed in Phd2 IEC-KO mice. Genetic ablation of Phd2 in IECs did not increase the susceptibility of mice to chemicalinduced colitis. Furthermore, in a colitis-associated colon cancer model, the PHD2-conditional knockout mice had similar susceptibility to azoxymethane (AOM) and DSS-induced colonic tumorigenesis as control littermates did. Our results suggest that PHD2 is dispensable in homeostasis control of mice intestinal epithelium.
Materials and Methods

Animals
Phd2 flox/flox mice were generated as previously described [10] . The
Villin-Cre mice obtained from the Model Animal Research Center of Nanjing University (Nanjing, China) were mated with Phd2 ) mice. Genotypes of the mice were determined by PCR [10] . Animals were housed in a specific pathogen free room, kept in laboratory cages at 23 ± 3°C with a humidity of 35% ± 5% under a 12-h dark/light cycle, and were maintained on a regular chow diet. All animal experimental protocols were approved by the Institutional Animal Care and Use Committee at the Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China).
DSS colitis
Sex-and age-matched littermates (9-11 weeks) received DSS (2.5%; MP Biomedicals, Santa Ana, USA) in drinking water for 7 days. Mice body weight was recorded daily. The disease activity index was determined as described previously [25] . The mice were euthanized by cervical dislocation.
AOM/DSS colonic carcinogenesis
The age-matched male littermates were given AOM (7.5 mg/kg; Sigma, St Louis, USA) by means of intra-peritoneal (i.p.) injection. After 1 week, the mice were given DSS (2%, in drinking water) for 7 days. Then, the DSS was removed and the mice were given normal water for another 14 days. The DSS water/normal water treatment was repeated for two more times. After 80 days, the mice were sacrificed and the formation of tumors in colon was determined. Mice were euthanized by cervical dislocation.
Isolation of intestinal epithelial cells
Colonic epithelial cells were isolated as described previously [26] . Briefly, the colon was removed and washed free of fecal material with solution 'A' (96 mM NaCl, 27 mM sodium citrate, 1.5 mM KCl, 0.8 mM KH 2 PO 4 , 5.6mM Na 2 HPO 4 , 5000 U/l penicillin, 5 mg/l streptomycin, 0.5 mM DTT, and 2 mM phenylmethylsulfonyl fluoride, pH 7.4). Square pieces of tissue were placed in solution A (10 ml) at 37°C for 10 min with gentle shaking to remove the mucus, bacteria, and other lumen contents. The tissue fragments were then incubated in solution 'B' (0.1 mM EDTA, 115 mM NaCl, 25 mM NaHCO 3 , 2.4 mM K 2 HPO 4 , 0.4 mM KH 2 PO 4 , 5000 U/l penicillin, 5 mg/l streptomycin, 0.5 mM DTT, 2.5 mM glutamine, and 2 mM phenylmethylsulfonyl fluoride, pH 7.4) at 37°C for 30 min. The disruption of the mucosa and elution of cells was stopped by adjusting to 1 mM CaCl 2 . The cells recovered in the suspension were collected by centrifugation and lysed in radio immunoprecipitation assay (RIPA) buffer.
Cell culture and proliferation assay
The human normal colon epithelial CCD841 cells were maintained in RPMI-1640 medium (Thermo Fisher Scientific, Waltham, USA) and mice colon cancer CT26.WT cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Thermo Fisher Scientific). All medium were supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. The cells were cultured at 37°C in an incubator (5% CO 2 ). Cell proliferation was determined by counting cell number as described in literature [27] . Dead cells were excluded by means of Trypan Blue staining.
Small interfering RNA and cell transfection
Small interfering RNA (siRNA) duplexes were synthesized by Gene Pharma (Shanghai, China). The CCD841 and CT26.WT cells were transfected with control or PHD2 siRNA oligos using Lipofectamine 2000 according to the manufacturer's instruction. The sequences of control and PHD2 siRNA oligos are as previously described: si-control 5′-UUCUCCGAACGUGUCACGUTT-3′, si-PHD2 5′-AGCCAUGG UUGCUUGUUAUTT-3′ [22] .
Quantitative real-time PCR
Quantitative real-time PCR (qRT-PCR) was performed as described previously [22] . Total RNA was isolated using TRIzol ® reagent (Invitrogen, Carlsbad, USA) and quantified with NanoDrop 2000 (Thermo Fisher Scientific). Then 5 μg of total RNA was reverse-transcribed utilizing M-MLV reverse transcriptase (Promega, Madison, USA). qRT-PCR was performed on Applied Biosystems
Step Two Real-Time PCR System (Applied Biosystems, Foster City, USA). SYBR ® Green Realtime PCR Master Mix (Toyobo, Osaka, Japan) was used to detect and quantify the expression level of target genes. The relative expression of mRNA was calculated by the 2 −ΔΔCT method. Beta-actin was used as the internal control. The primers for mouse genes are as follows.
Western blot analysis
Total protein was extracted by lysing cells in RIPA buffer [100 mM Tris, 150 mM NaCl, 1% Triton, 1% deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS), 1 mM EDTA, and 2 mM NaF] containing protease inhibitors (1 mM sodium vanadate, 1 mM leupeptin, 1 mM aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 1 mM pepstatin A). After centrifugation, the supernatants were collected and kept on ice. BCA Protein Assay Kit (Pierce, Rockford, USA) was employed to measure the protein concentration. Equal amounts of protein samples were separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. After being blocked with 5% non-fat milk in TBST, membranes were incubated overnight at 4°C with the primary antibody (1:1000). After three times of wash with TBST, the membranes were incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. Protein signals were detected using LumiGLO ® Reagent and Peroxide (Cell Signaling Technology, Beverly, USA). And the integrated density value was quantified using Image J. β-Actin was used as an internal reference control.
Tissue staining
Tissues were fixed with 10% buffered formalin for 24 h and processed by conventional paraffin-embedded method. The paraffin-embedded tissue sections (5 μm thick) were heat immobilized, deparaffinized using xylene and then rehydrated in a graded series of ethanol. For H&E staining, the prepared sections were stained using Mayer's H&E (Yeasen, Shanghai, China) following a routine staining procedure and analyzed with microscope. Immunohistochemical (IHC) staining of tissues was performed as previously described [22] . Antigen retrieval was done by incubation in 10 mM citrate buffer (pH 6.0) for 10 min, followed by the incubation with 5% block serum for 1 h. Sections were incubated with antibody at 4°C overnight. After three times of wash with TBST, the sections were incubated for 1 h with secondary IgG, and detected by incubation with streptavidin-biotin HRP complex. The tissue sections were stained with hematoxylin for a short time, and subsequently detected under a microscope. Anti-PHD2 (1:50) antibody was from Cell Signaling Technology. Anti-HIF1α (1:200) and anti-HIF2α (1:100) antibodies were from Novus (Littleton, USA). Anti-β-actin antibody was from Sigma. Anti-Ki67 (1:100) antibody was a product of Abcam (Cambridge, UK). Histological score was determined as previously described [14] .
Histologic scoring
Arbitrary histologic scoring was used to quantify colon damage. A maximum combined score of 10 was determined according to the severity of inflammatory cell infiltration (score of 0, none; score of 1, slightly dispersed cell infiltrate; score of 2, moderately increased cell infiltrates forming occasional cell foci; and score of 3, severely large areas of cell infiltrates causing loss of tissue architecture), extent of injury (score of 0, none; score of 1, mucosal; score of 2, mucosal and submucosal; and score of 3, transmural), and crypt damage (score of 0, none; score of 1, basal one-third damaged; score of 2, basal two-thirds damaged; score of 3, only surface epithelium intact; and score of 4, loss of entire crypt and epithelium) [28] .
Statistical analysis
Statistical analysis was performed using the unpaired two-tailed Student's t-test or two-way analysis of variance (ANOVA) with GraphPad Prism 5.0. Data are presented as the mean ± SEM and are from three independent experiments unless indicated. P < 0.05 indicates statistically significant.
Results
The Phd2
IEC-KO mice did not have enteritis or colitis
To understand the possible role of PHD2 in intestinal epithelium homeostasis, we examined the Phd2 IEC-KO mice and control littermates. Mice were prepared as described in Materials and Methods. Genotyping results are shown in Fig. 1A . Western blot analysis showed that most of PHD2 protein was deleted in colon and small intestinal epithelium (Fig. 1B) . The trace amount of PHD2 might be from contaminated cells of other types in isolated IECs from intestinal tissues. IHC staining with PHD2 antibody was performed (Fig. 1C) . Deletion of PHD2 had little effect on expression of PHD1 and 3 (Fig. 1D) . The Phd2 IEC-KO mice had similar body weight (Fig. 1E ) and colon length (Fig. 1F) as the control littermates did. The stool from control and Phd2 IEC-KO mice were normal and no diarrhea was observed. H&E staining showed that the structure and morphology of epithelium of colon ( Fig. 2A) and small intestines (Fig. 2B) were normal. Little lymphocytes infiltration was observed in intestinal epithelium of either control or Phd2 IEC-KO mice. IHC staining results indicated that deletion of PHD2 had little effect on protein levels of HIF1α (Fig. 2C) or HIF2α (Fig. 2D ) in colon epithelium, which is in agreement with recent findings that single knockout of PHD family member did not affect HIFα expression in intestinal epithelium [15] .
PHD2-deficiency in IECs had little effect on DSSinduced colitis in mice
In subsequent experiments, we determined the effect of deletion of PHD2 on mice in response to DSS challenge. DSS is a synthetic sulfated polysaccharide composed of dextran and sulfated anhydroglucose unit. It causes symptomatic features resembling ulcerative colitis and therefore is often used to trigger murine colitis [29] . Administration of DSS led to similar loss of body weight in both control and Phd2 IEC-KO mice (Fig. 3A ). And these mice had similar disease activity index (DAI) after DSS treatment (Fig. 3B) . There was little difference of colon length between control and Phd2 IEC-KO mice (Fig. 3C,D) . These results suggested that deletion of PHD2 in IECs had little effect on DSS colitis in mice. We determined the protein level of HIF1α and HIF2α in colonic epithelial cells and the results showed that the control and Phd2 IEC-KO mice had similar levels of HIF1α and HIF2α after DSS treatment (Fig. 3E) . We also determined the protein level of PHD2, HIF1α and HIF2α in colonic epithelial cells of control mice treated with or without DSS. And no significant difference was observed (Fig. 3F) . H&E staining of the colon tissues of control and Phd2 IEC-KO mice treated with or without DSS are shown in Fig. 3G . Histological score and the proinflammatory factors were determined and there was little difference between control and Phd2 IEC-KO mice (Fig. 3H ).
PHD2-deficiency did not increase susceptibility to colitis-associated colon cancer
A few studies have indicated that PHD2 is a potential suppressor of a few cancers. It is known that intestinal inflammation may promote colonic tumorigenesis [30] . We next investigated whether deletion of PHD2 in IECs affects colonic tumorigenesis. We employed a wellestablished mouse model of colitis-associated carcinogenesis [31, 32] . In this model, initial mutagenesis is induced by the intra-peritoneal injection of AOM, and subsequent inflammation in colon is induced by periodic administration of DSS in drinking water. The procedure of this experiment is shown in Fig. 4A . Eighty days after treatment with AOM and DSS, the mice were sacrificed and the colonic tumor formation was examined. The control and Phd2 IEC-KO mice had similar amount of tumors after AOM-DSS treatment (Fig. 4B) . The size of tumors and size distribution of tumors from each group were similar (Fig. 4C,D) . H&E staining of tumors from control and Phd2 IEC-KO mice are shown in Fig. 4E . Staining of tumor sections with anti-Ki67 antibody indicated that deletion of PHD2 had little effect on proliferation of tumor cells (Fig. 4F) . In accord with this, it was also found that knockdown of PHD2 did not influence proliferation of colon epithelial CCD841 and CT26.WT cells (Fig. 4G) .
Discussion
In this work, we determined the possible role of PHD2 in control of intestinal epithelium homeostasis by using Phd2 IEC-KO mice. Our results indicate that PHD2-deficiency in IECs does not induce spontaneous enteritis or colitis in mice. PHD2-deficiency does not confer upon mice higher sensitivity to chemical colitis or colitis-associated colonic tumorigenesis, as compared with the control littermates. These results suggest that PHD2 is dispensable in homeostasis control of intestinal epithelium in mice. PHD2 appears to be the primary one that contributes the majority of PHD activity [10] , and it is considered as a major regulator of HIF1α [11, 12] . In our work, however, deletion of PHD2 in IECs did not lead to accumulation of HIF1α or HIF2α, suggesting that, in intestinal epithelium, other PHDs or unknown factors might compensate for PHD2's loss in controlling the HIFα level. In fact, a recent study demonstrated that deletion of any single PHD family member did not lead to the increase of HIF1α or HIF2α in mice IECs [15] . Previous studies showed that deletion of PHD2 increased the expression of HIFα in the placenta and the embryo proper, but not in the heart [10] . A recent study indicated that genetic ablation of PHD2 led to accumulation of HIFα in endothelial cells [33] . These results suggest that in different tissues the role of PHD2 might be different.
It was reported that PHDs inhibitors could ameliorate colitis in murine models, probably through the PHD/HIF pathway. HIF1α was found to improve murine colitis [34] , while HIF2α was demonstrated to exacerbate murine colitis [35] . In our work, deletion of PHD2 had little effect on the expression of either HIF1α or HIF2α in IECs. This might explain our results that the Phd2 IEC-KO mice did not show a higher susceptibility to DSS colitis or AOM-DSS colonic tumorigenesis, as compared with control littermates. A few studies indicated that PHD2 was involved in tumor growth [19] . In our work, however, ablation of PHD2 in IECs did not confer upon mice higher sensitivity to colitis-associated colon cancer. Our results suggest that PHD2 may not play a critical role in colonic tumorigenesis. PHDs act as oxygen sensors and are involved in many physiological processes [3, 4] , and accordingly administration of generic PHDs inhibitors may potentially cause various side effects. Our results showed that Phd2 IEC-KO mice did not show a higher susceptibility to DSS colitis or AOM-DSS colonic tumorigenesis, indicating that targeting PHD2 may not cause side effects in intestinal epithelium. PHD inhibitors are found to improve experimental colitis in murine models. However, the underlying mechanism still remains elusive. As PHD inhibitors suppress PHD activity of all PHD family members, the underlying mechanism should be complex. We demonstrate here that deletion of PHD2 has little effect on mice intestinal inflammation. Loss of PHD1 was found to ameliorate experimental colitis in mice [25] , while PHD3 was found to play a critical role in maintaining the intestinal epithelium homeostasis [36] . It would be helpful to understand the role of each member of PHDs in controlling intestinal epithelium homeostasis. This should be beneficial to develop efficient therapeutic strategy for IBD. 
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